Abstract: In spring 2005 we investigated the collembolan communities in the 50-m-deep collapse doline of the perennial ice cave Silická ľadnica in the Slovak Karst (Slovakia). Samples were taken at seven sites along a 117.5-m-long transect on the slope from the ice-bearing cave mouth at the bottom of the doline up to the terrain surface at 500 m above sea level (a.s.l.). The temperature above the soil surface (+0.6 to +13.6
Introduction
The perennial ice cave Silická ľadnica (eastern part of the Slovak Karst, Inner Western Carpathians) is a unique karst phenomenon listed among the World Heritage sites. The ice formations on the walls of the dysphotic parts develop seasonally, culminating in spring, while a thick layer of bottom ice persists all the year. Opening at just 503 m a.s.l., Silická ľadnica is the lowest ice cave in the temperate zone (Gaál 2008) . The temperature dynamics of the cave were studied by Roda et al. (1974) and Rajman et al. (1987) . Glaciation of the cave is a relatively young phenomenon. The collapse of the cave ceiling some 2,000 years ago created a doline with a temperature inversion and caused the formation of about 340 m 3 of ice in bottom of the adjacent cave entrance (Rajman et al. 1985 (Rajman et al. , 1987 . In the depths of the doline the microclimate is thus markedly colder than on the karstic plateau above. The temperature inversion during the warm season is reflected in the inverted vegetation associations. Mosses on the scree near the permanent bottom ice transition into herbal and tree growths towards the karst plateau. Similarly, coldadapted (psychrophilic/montane) animals are largely replaced by xeroresistant, thermophilic species (Rozložník et al. 1994) .
Studies on the effect of a meso-/microclimate gradient upon soil invertebrates in natural conditions are rather rare (e.g., Kuznetsova & Krestyaninova 1998; Raschmanová et al. 2008) . Periglacial relict Arthropoda of cold highland screes in Central Europe have been investigated by Zacharda (1993) , Růžička & Zacharda (1994 , 2010 and Zacharda et al. (2005) . Selected groups of invertebrates have already been recorded at the entrance of the Silická ľadnica Cave, e.g., Gastropoda (Pirčová & Vostal 1967; Šteffek 1985) , soil Acari (Kalúz 1993a) and Collembola (Čarnogurský 1994) .
Several invertebrates with small distribution ranges have been detected in the ice -bearing cave mouth of Silická ľadnica. A sampling of these include the mesostigmatid mite Veigaia inexpectata Kalúz, 1993 , the isopod Mesoniscus graniger (Frivaldszky, 1865), the millipede Hylebainosoma tatranum Verhoeff, 1899 and the carabid beetle Duvalius hungaricus szilicensis (Csiki, 1912) , (Gulička 1985; Bolfík et al. 1990; Kalúz 1993b) . Recently Petrásek et al. (2010) studied soil microbial communities along the transect line of the present study. Collembola are among the most abundant and diverse groups of soil invertebrates in permafrost conditions that are surrounded by lichen and moss vegetation on unstable scree and talus slopes, for example in tundra, Arctic or Antarctic (Subantarctic) zones (e.g., Salmon 1962; Convey et al. 1999; Sinclair et al. 2006) . These animals survive under extreme environmental conditions, especially low temperatures due to specific life strategies, phenotypic plasticity, genetic variation and population dynamics patterns (Wallwork 1970; Zettel 1984; Van Straalen & Joosse 1985; Zettel & Zettel 1994a, b; Racovişa 2000) .
We hypothesized that soil Collembola communities would differ markedly along the temperature gradient present at the mouth area of the Silická ľadnica Cave. We also expected the presence of specialized coldadapted species of Collembola at sites on the lower part of the gradient, with relict species being among them. The aims of this study were: (1) to compare the abundance, diversity and community structure of Collembola at sites along the temperature gradient up the slope from the cave entrance, (2) to assess the effects of the temperature gradient upon particular Collembola species, and (3) to evaluate the role of temperature inversed sites in karstic landscapes as possible refugia for specialized cold-tolerant species. We present here the first results of an intensive study of soil microarthropods within the thermal gradient of the Silická ľadnica doline.
Material and methods
Being part of the Slovak-Aggtelek Karst, the Slovak Karst in southeastern Slovakia is a landscape of the Silická Nappe, with plateaus between 400 and 900 m above sea level. The lithology comprises Lower Triassic frustulent sediments and Middle and Upper Triassic carbonate rocks including the coarse Wetterstein limestone. The region is located at the junction between the oceanic and continental climatic zones. The warmest month is July (19 to 16
• C), and the coldest is January (-4 to -6
• C). Mean annual temperature ranges from 5.7 to 8.5
• C and annual average precipitation from 630 to 990 mm (Rozložník et al. 1994) .
The study was conducted in the entrance part of the Silická ľadnica Cave (48
• 32 58.9 N and 20 • 30 13.9 E). Seven sites, as described below, were selected along a 117.5 m transect line from the bottom of the cave mouth to the upper part of the doline (Fig. 1) . Vegetational associations of sites were characterized by Petrášová & Šuvada (2008) .
(1) Site on a scree slope with pioneer vegetation located 7 m from the edge of soil permafrost, ass. CardaminoChrysosplenietum alternifolii with moss and liverworts, very stony, maximum depth of soil profile 3 cm;
(2) Site on a scree slope with pioneer vegetation, ass. Cardamino-Chrysosplenietum with sparse mosses and liverworts and dense growth of Chrysosplenium alternifolium, soil stony, maximum depth of soil profile 4 cm; (3) Site on a scree slope and pioneer vegetation, ass. Cardamino-Chrysosplenietum alternifolii with sparse growths of mosses and liverworts, herbal cover with Urtica sp, maximum depth of soil profile 10 cm; (4) A microdepression in a moderate slope, dense herbal cover, ass. Cardamino-Chrysosplenietum alternifolii, Lunario-Aceretum, well-developed soil profile, 15 cm thick; (5) Site near a rock wall in a very moderate slope, hornbeam-maple wood, dense herbal cover, ass. LunarioAceretum, stony soil with profile to maximum 5 cm depth; (6) A young hornbeam wood with sparse Acer sp. and Quercus sp. on steep slope, sparse herbal cover ass. Waldsteinio-Carpinetum, soil profile 5-10 cm thick; (7) A cornel-hornbeam wood on the edge of karstic plateau, moderately dense herbal vegetation ass. Waldsteinio-Carpinetum, soil profile 15-20 cm thick with dense herbal rhizosphere.
A total of five replicate soil samples were taken from each site on 18 May, 2005. The samples represented soil cores 10 cm in diameter to a maximum depth of 8 cm (depending on the soil thickness). Soil microarthropods were extracted in modified high-gradient apparatus (Crossley & Blair 1991) for 7 days. Collembola were sorted under a binocular stereomicroscope and identified under a phase-contrast microscope (Leica DM2500) using identification keys, e.g., Zimdars & Dunger (1994) , Pomorski (1998) , Bretfeld (1999) , Potapov (2001) , Thibaud et al. (2004) and other literature.
Topographic, microclimatic, and soil -chemical characteristics of studied sites are given in Table 1 . Continuous soil temperature was measured at sites from September 2006 to October 2007 every 4 hours by data-loggers exposed in 3 cm soil depth and calculated as monthly averages in Fig. 2 . Soil moisture content at sites identical with the present study site was measured in June 2009 by Petrásek et al. (2010) and analysed gravimetrically to document the microclimatic gradient within the slope. Soil pH was measured potentiometrically using a glass electrode and a reference calomel electrode as active pH in water (pH/H2O). Soil carbon content and total N were measured according to Králová et al. (1991) .
Abundance (A), species richness (S), Shannon diversity index (H ) and Pielou index of evenness (J ) were calculated as principal community parameters to compare the collembolan communities between sites. Relationships between edaphic factors and community parameters were estimated using nonparametric Spearman's correlation coefficient with a significance level of P = 0.05. Site (5) was excluded from this analysis because of the extremely stony soil profile and strikingly dissimilar community parameters from the nearest sites. A nonparametric Kruskal-Wallis ANOVA with multiple comparisons of mean ranks was used to determine the significant differences between abundance values of Collembola recorded at particular sites. The STATISTICA 9.0 software package (StatSoft, Inc. 2009) was used for both aforementioned analyses.
The cluster analysis of quantitative (not transformed) data, (group average method, Sřrensen (Bray-Curtis) distance) with indicator species analysis (IndVal) were performed to evaluate similarity of the collembolan communities at particular sites using PC-ORD software (McCune & Mefford 2011) . Each site is represented by five replicate soil samples separately included in the analysis. A cluster diagram was used for typology of sites in subsequent IndVal analysis (Dufréne & Legendre 1997) . We provided species data on an appropriate level of clustering. In the final level of species clustering, p-value from randomization tests was close to minimum and the number of significant species close to maximum (McCune & Grace 2002) and species with statistically significant (P < 0.05) indicator values > 40% were displayed.
Results
A severe temperature gradient was recorded from the entrance of the Silická ľadnica Cave along the transect line up the slope, with the temperature above the soil surface -from site 1 (+0.6
• C) to site 7 (+13.6
• C) in May 2005. Moreover, the soil temperature regime (September 2006 -October 2007 at individual sites was documented (Fig. 2) . Similarly, soil-chemical characteristics showed marked differences in the gradient along the slope. Soil acidity negatively correlated with increasing altitude of sites (r = -0.81), with the highest pH near the permanent ice (1) ( Table 1) . Identical pH values were at sites 3-5 in the middle part of the transect. The cold sites (1, 2) had higher C/N ratio compared to others, followed by two wooded sites (5, 6). Lower values of the parameter were recorded at sites with herbal cover (3, 4), and the lowest in thermophilous wood on the edge of karst plateau (7).
Abundance means of collembolan assemblages at sites ranged between 5,197 and 27,465 individuals m −2 (Table 1 ), significant differences were confirmed by Kruskal-Wallis ANOVA [H (6, 35) = 20.016, P < 0.005]. A clearly higher abundance mean was observed near the permafrost zone (site 1). Relatively high values of the parameter were detected in young thermophilous wood (6) and in the slope microdepression with herbal cover (4), followed by unforested cold sites (2, 3) and thermohilous wood on the plateau (7). The lowest mean of abundance was observed in the hornbeam-maple wood on modest slope (5), which was significantly different from site 1 (multiple comparisons of mean ranks with P < 0.005) and site 6 (P < 0.05). Relationships between edaphic parameters, the temperature measured, and Collembola abundance means were tested. The temperature measured above the soil positively correlated with altitude and distance between sites (for both parameters: Spearman's r = 0.94; Table 1 ). The abundance of several species had significant relationships with the temperature. Folsomia manolachei correlated negatively (r = -0.94), whereas some others showed positive correlation: Isotomiella minor (r = 0.94), Plutomurus carpaticus (r = 0.81), Lipothrix lubbocki (r = 0.94) and Megalothorax minimus (r = 0.84). Additionally, the abundance of Isotomiella minor and Megalothorax minimus negatively correlated with pH H 2 O: (r = -0.84 and -0.81, respectively).
Altogether, 3,888 specimens belonging to 65 species of Collembola were detected at seven study sites. Species numbers (ranging from 20-32) and diversity indices were highest at sites with rendzina soil type end thicker soil layer (3, 4, 6) and somewhat lower at the site with cambisol (5) in the middle of the slope. The lowest values of both parameters were recorded at cold sites with lithosol and very shallow soil layer (1, 2), and at the top of plateau (7, cambisol) (Table 1). Both cold sites (1, 2) hosted communities with remarkably high dominance of Protaphorura armata, P. aurantiaca and Folsomia manolachei ( Table 2) .
The diagram of cluster analysis of quantitative community data with the associated indicator species (IndVal) is shown in Fig. 3 . Two well separated branches were formed, and the samples from the coldest site at the bottom of the slope (1) created a markedly distinct cluster located in highest level of clustering distance compared to the others. Ceratophysella sigillata, Protaphorura armata, P. pannonica and F. manolachei were dominant, and the last three were indicator species of the site. A second branch was divided into two marked sub-branches. Sub-branch (A) consisted of samples from sites with herbal cover (2, 3 and 4). The close similarity of neighbouring sites (2) and (3) is the result of common presence of Protaphorura armata, P. aurantiaca, F. manolachei and Pogonognathellus flavescens, two of them being indicators of the communities. Several species were abundant in the slope microdepression (4), Friesea albida, Tetrodontophora bielanensis, Onychiuroides pseudogranulosus, Desoria tigrina, Lepidocyrtus lignorum and P. carpaticus, were selected as community indicators. Sub-branch (B) was represented by communities of wood stands (5, 6, 7) with several eurytopic or forest species more abundant in both thermophilous woods (6, 7), e.g. Folsomia penicula, I. minor, Pseudosinella horaki, M. minimus and L. lubbocki. Species Sphaeridia pumilis was recorded as the only indicator of hornbeam maple wood (5). Clustering of replicate soil samples demonstrated homogeneity of study sites with respect to community structure (except a sample from site 2).
We recorded several cold-tolerant/montane/ species along the temperature gradient. Ceratophysella si- Table 2 ).
gillata evidently preferred the extremely cold site (1), whereas Desoria propinqua and Tomocerus minor occurred there in low abundances (Table 2) . Moreover, the higher share of montane species was observed at slope depression (4): F. albida, Micranurida vontoernei, T. bielanensis, Heteraphorura variotuberculata, P. carpaticus and Sminthurinus gisini. Except H. variotuberculata they preferred this site and F. albida, T. bielanensis and P. carpaticus were community indicators. The presence of two montane species Deutonura albella and P. carpaticus was recorded in low abundance in thermophilous cornel -hornbeam wood (7) located on the top of gradient. Two montane Deutonura stachi and Kalaphorura carpenteri were found exclusively at sites with rendzina soil type (3) and (6).
Discussion
It is well known that soil microclimate, with its daily and seasonal changes, has considerable impact on collembolan communities compared to other abiotic factors of the environment (e.g., Wallwork 1976; Petersen & Luxton 1982; Verhoef & Van Selm 1983; Detsis 2000; etc.) . Measured temperature data documented a steep temperature gradient within the collapsed entrance of the Silická ľadnica Cave. Petrásek et al. (2010) observed the decrease of soil moisture with increasing temperature at individual sites. We supposed that soil collembolan communities will differ along the microclimatic gradient from the coldest site located on a steep scree slope to the warmer one on the edge of the karstic plateau. The site near the perennial ice (1) had a strikingly different community structure compared to others with the highest mean abundance and the lowest species number. The site resembles conditions of cold arctic or mountainous soils, where eurytopic or highly specialized Collembola survive in high population densities (Wallwork 1976; Begon et al. 1997) . Moreover, the community was characterized by the lowest index of evenness compared to others due to the high dominance of a few cold tolerant species, i.e., F. manolachei, P. armata, P. pannonica and C. sigillata. They showed clear preference to the coldest site and represented community indicators. Generally, low temperatures in the environment are connected with an increased presence of more primitive forms of Collembola, namely families Isotomidae and Onychiuridae, compared to specialized ones (Fjellberg 1994; Hågvar 2010) . In comparison, P. pannonica is associated with warm and dry sandy stands, likely because it is more ecologically plastic (Pomorski 1998; Raschmanová et al. 2008) . Cluster analysis revealed a high level of similarity between communities at cold sites (2) and (3) which may be related to the short distance and similar soil microclimate and edaphic conditions. Indicators of both communities, P. aurantiaca and P. flavescens are known to inhabit mountains and highlands preferring wet and cold habitats (Gisin 1960; Pomorski 1998) . A community with high species richness and diversity indices was observed at the site on the slope micro-depression (4) due to favourable microclimate, well-developed soil profile and dense herbal cover. Generally, the abundance of Collembola is positively correlated with better developed organic profiles of soils (Chagnon et al. 2000; Hasegawa 2002 ). Community parameters of the hornbeam wood site (5) were strikingly different from the previous one (4) reflecting rather extreme conditions (stony, shallow soil) with S. pumilis as the only indicator species. In cluster analysis the site was grouped together with the other two thermophilous wood sites (6, 7), both with a higher number of common eurytopic and forest species. The sites had similar microclimate conditions and lower soil acidity and C/N ratio. Xerothermophilous or xeroresistant species Pumilinura loksai, Willowsia nigromaculata and Sminthurinus elegans (Alvarez et al. 1997; Bretfeld 1999; Kuznetsova & Krestyaninova 1998; Smolis & Skarzyński 2003) were found exclusively at the warmest site in a young hornbeam wood (6) of upper part of the transect. Two abundant ubiquistic species Parisotoma notabilis and L. lignorum (Slawski & Slawska 2000; Potapov 2001 ) were present along the gradient with preferrence to sites with rendzina soils (4, 6). Tolerance of both species to such a broad range of microclimatic conditions confirmed their ecological plasticity.
In our study, non-significant correlations between total abundance of Collembola and soil temperature were found along the gradient (P = 0.62, r = -0.26) that was similar to observations of Petrásek et al. (2010) who reported non-significant relationships between microbial parameters and soil temperature. However, several Collembola species revealed significant relationships to this parameter. Abundance of eurytopic I. minor and Megalothorax minimus, and forest species Lipothrix lubbocki was positively correlated. They preferred soils of the warmest stands (6, 7) representing indicators of both communities. In the Slovak Karst region I. minor is usually more abundant in thermophilous wood stands (Kováč et al. 2005; Raschmanová et al. 2008 ). Kuznetsova (2006) observed positive correlations of I. minor with temperature in a spruce forest compared to dry meadow. Our study well documented the tolerance of F. manolachei to cold environments since its abundance is clearly negatively correlated with the temperature.
The microclimatic conditions of the Silická ľadnica collapse doline were documented by the presence of 10 montane species along the gradient:Ceratophysella sigillata, Friesea albida, Micranurida vontoernei, Deutonura albella, D. stachi, Tetrodontophora bielanensis, Heteraphorura variotuberculata, Kalaphorura carpenteri, Plutomurus carpaticus and Sminthurinus gisini, with their highest number in the micro-depression (4) in the middle part of the transect. The low numbers of montane species at colder sites (1) and (2) may be associated with harsh soil temperatures and sparse cover of pioneer vegetation compared to the site in the middle part of the slope gradient (4) with more favourable microclimate, well-developed soil profile, and dense herbal cover. The similar results were documented by Raschmanová et al. (2008) in the study of meso-climatic gradient of the Zádiel Gorge in the Slovak Karst with 11 montane species recorded in colder wood associations at the bottom of the gorge. Besides the soil microclimate, humus, and litter quality were the important factors affecting the structure of soil collembolan communities.
The steep microclomatic gradient in the entrance part of the Silická ľadnica Cave is a rather rare phenomenon in Central Europe and provides a broad variety of habitats suitable for species with different ecological requirements and strategies. The collapse doline is inhabited by several cold adapted and montane forms of invertebrates, some of them considered as glacial relicts, for instance Veigaia inexpectata (Kalúz 1993) . Among Collembola three Carpathian/Western Carpathian endemics were registered with preference to sites in the middle part of the slope, D. stachi (3) and M. vontoernei and P. carpaticus (4). Our study supports the observations that in the karstic landscape higher diversity of invertebrates, including "rare" species (relicts, endemics), may be restricted to the narrow zone of the thermal gradients in terrain depressions (gorges, dolines, larger cracks in bedrock, etc.). Such gradients are indeed dynamic systems ruled by microclimatic regimes during the year and reflected by vertical and/or horizontal distribution of invertebrates and adaptations in phenology and life cycle (Wallwork 1976; Hopkin 1997) .
